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HIGHLIGHTS 
• Mass transfer of COi into a H20 rich phase at high pressure in a capillary is studied
• A rnethod for the determination of vo lumetric mass transfer coef ficient is presented.
• A thermodynami c model and Raman spectroscopy are cou pied to obtain C(h con centrations.
• The influence of flow rates on the volumetric mass transfer coefficient is studied.





wo phase 0ow 
Raman spectroscopy ABSTRACT 
This study presents a rnethod for the experimental determination of local volurnetric mass transfer coef 
ficients ktat in a high pressure two phase flow of water (H20) and carbon dioxide (C02) in a micro 
capillary using Raman spectroscopy. H20 and C02 are continuously and co currently fed at high pressure 
(8, 9 and 10 MPa) and rnoderate temperature (303 K) into a fused sili ca micro capillary. A segrnented 
two phase flow is obtained therein and the fraction of COi in the water rich phase is measured in situ
at different points a long the capillary using Raman spectroscopy. A modified Henry's law is used to corn 
pute the equi librium compositions of the water rich phase at the desired pressure and temperature. A 
mixture density model is used to convert the fraction of C(h in the water rich phase into a C(h concen 
tration. The volumetric liquid mass transfer coefficient is computed at various axial locations along the 
capillary, from the contacting zone to the end of the capillary. Experirnentally derived ktat values range 
between 2.10 3 and 5.10 3 s 1• 1. Introduction 
There is an increasing number of supercritical fluid (SCF) appli 
cations in diverse industries such as f ood (Perrut and Perrut, 2019; 
Brunner, 2005; Ben Nasr and Coenen, 1994; Lehotay, 1997; Kim 
et al., 1999; Lumia et al., 2007), cosmetics (Temelli, 2009) and 
biomedical (Masmoudi et al., 2011; Tsai and Wang, 2019). More 
over, new applications are in development in laboratories (Perrut 
and Perrut, 2018; Knez et al., 2018). This increasing number of applications involves new fluid mixtures and therefore knowledge 
of the physical and thermodynamic mixture properties ( e.g. den 
sity, viscosity, surface tension, diffusion coefficient, thermody 
namic equilibrium compositions) at high pressure and 
temperature is essential for designing industrial scale equipment. 
Many industrial applications involve two phase systems where 
the mass transfer behaviour is a key parameter for the perfor 
mance of the process. Tools that enable mass transfer coefficients 
to be measured and quantified are therefore required. Conven 
tional techniques for the time resolved measurement of phase 
composition in high pressure vessels, which resist elevated pres 
sure and temperature often require high investment costs, large 
quantities of product, specific safety precautions, as well as cum 
bersome experimental campaigns. These disadvantages can be lar 
gely overcome by the use of microfluidic systems. Indeed, the small 
Nomenclature
A area of Raman peak, m2




H Henry’s law constant, Pa
D diameter, m
K overall mass transfer coefficient, m=s
k local mass transfer coefficient, m=s
L length, m
N molar density flux, mol=m2=s
n number of moles, mol
p pressure, Pa
R ideal gas constant, J=mol=K
Re Reynolds number UDql
r molar ratio in the liquid phase




_V volumetric flow rate, m3=s
v partial molar volume, m3=mol
w mass fraction
x mole fraction



















1 at infinite dilution
* at equilibrium
 pure
~ mean valuecharacteristic length scale of microfluidic devices, i.e. capillary
diameter, enables experimental mass transfer times to be drasti
cally reduced. This is because the characteristic times for heat
and mass transport are proportional to the square of characteristic
length, which is ten orders of magnitude smaller in microfluidic
systems than in standard pressurized vessels. This then results in
characteristic experimental times on the order of a few minutes
in microsystems compared with hours in conventional systems.
Moreover, small quantities of products are used due to the reduced
volume of microfluidic devices, thereby limiting operating costs
and increasing safety when using toxic compounds. Risks related
to high pressure operation are also reduced. Microfluidic devices
made with capillary tubes are also inexpensive compared with
conventional high pressure cells. Several types of microfluidic sys
tems for high pressure applications have been developed (Marre
et al., 2010), including those using micro capillary tubes (Macedo
Portela da Silva et al., 2014) and polymers (Martin et al., 2016),
both of which are fast and inexpensive to make.
Multiphase flow in microfluidic systems has largely been
described in the literature, highlighting the enhancement of mass
and heat transfer rates and the possibility for process intensifica
tion (Peters et al., 2017; Luther et al., 2013). Segmented flow, such
as Taylor flow, is mainly studied due to its specific characteristics:
quasi homogeneous mixing in both phases and a highly regular
flow pattern with large interfacial area. Several experimental
methods have been proposed to determine volumetric mass trans
fer coefficients in gas liquid flow or liquid liquid flow at atmo
spheric pressure and ambient temperature and are classified into
two types: online methods and global methods. Online methods
include optical techniques that enable the measurement of bubble
or drop volumes where the bubble/drop shrinkage is linked to
mass transfer rates (Tan et al., 2012; Lefortier et al., 2012; Yao
et al., 2014, Zhang et al., 2018), as well as colorimetric (Dietrich
et al., 2013) and laser induced fluorescence methods (Kuhn and
Jensen, 2012) where concentration data in the liquid phase areobtained. Global methods consist in determining mass transfer
coefficients by measuring a solute concentration in both phases
at the system inlet and outlet (Irandoust et al., 1992; Bercic and
Pintar, 1997; Heiszwolf et al., 2001; Yue et al., 2009; Vandu
et al., 2005; Ren et al., 2012) or by pressure drop measurements,
which link the pressure drop to the mass transfer coefficient
(Yue et al., 2007; Ganapathy et al., 2014; Yao et al., 2017). Global
methods allow the determination of average mass transfer coeffi
cients over the length of the microsystem, whereas online methods
enable the measurement of values of the mass transfer coefficient
at different positions along the microsystem. Data from these
experimental studies at atmospheric pressure and ambient tem
perature have been used to validate mass transfer models and to
develop dimensionless correlations (van Baten and Krishna,
2004; Liu and Wang, 2011; Eskin and Mostowfi, 2012). Most mass
transfer models in the literature are based on the ‘unit cell model’
for segmented flow and the theory of the unit cell model will be
given below.
The objective of this paper is to present a new method for the
determination of local mass transfer coefficients in high pressure
two phase flows in micro channels using a Raman spectroscopy
technique (Klima and Braeuer, 2019), which allows measurement
of the molar fraction of CO2 dissolved in the water rich phase in
segmented flow at elevated pressure without sampling. The pro
posed new method does not rely on as many hypotheses as there
are fixed in the unit cell model and thus features a more general
applicability. The novelty of the presented method is the combina
tion of these measurements with a thermodynamic model and a
specific density mixture model, which are used to firstly compute
the concentration of CO2 in the water rich phase and to secondly
compute local values of the mass transfer coefficient along the cap
illary tube, downstream from the contacting zone. The following
sections describe the experimental setup and Raman spectroscopy
technique, as well as the models and the calculation of dissolved
fluid concentration and mass transfer coefficients. For the sake of
simplicity, the CO2 rich phase is called the "fluid" phase since this 
phase can be either liquid or gas depending on the operating con 
ditions. The H2O rich phase is called the liquid phase. Finally, a 
demonstration of the method to determine mass transfer coeffi 
dents in CO2 H2O flows at 8 ,  9 and 10 MPa and moderate temper 
ature 303 K is provided. 2. Experimental setup
Fig. 1 shows the experimental setup used to measure the molar 
fraction of COi dissolved in the water rich phase. lt is composed of 
a capillary tube (60 cm in length) with a T junction inlet and high 
pressure pumps. 
The capillaries used in the setup were purchased from Polymi 
cro Technologies. Two sizes of capillary tubes made of silica with a 
polyimide coating are used for a coaxial injection, where a smaller 
diameter tube, guiding the CO2, is inserted in a larger diameter 
tube, guiding the water, as shown in the inset of Fig. 1. The dimen 
sions are listed in Table 1. These capillary tubes can withstand 
pressure and temperature up to 25 MPa at 700 K (Proctor et al., 
1967). The connections between the silica capillaries and the other 
parts of the setup, which is composed of 1/16 in. stainless steel 
tubing, are made by assembling polymer sleeves, ferules, a 
stainless steel T junction and a simple union. 
The fluids used are distilled H2O (Standard DIN 43530) and 
CO2 < 99.5% in mole. Note that the H2O is re boiled before it 
is fed to the pump in order to reduce the amount of potentially 
dissolved compounds. Three Teledyne ISCO pumps are used to 
feed the fluids through the system. A 260D ISCO pump ( capacity 
of 266 ml, a flow range of 0.001 107 ml/min, a flow accuracy of 
0.5% of the set point, a pressure accuracy of 0.5% of the full scale 
and a max pressure of 51.7 MPa) feeds the H2O. A 1000D ISCO 
pump (capacity of 1015 ml, a flow range of 0.001 to 408 ml/ 























Fig. 1. Schematic diagram and picture of the experimental setup used to dof 0.5% of the full scale and a max pressure of 13.4 MPa) feeds 
CO2 ; this pump reservoir is cooled down to 278 K by àrculating 
a temperature conditioning fluid from a conditioning system 
(F12 Julabo) through its double wall jacket. This measure 
ensures that the CO2 is in the liquid state inside the syringe 
pump. Another 260D ISCO pump is placed at the end of the cap 
illary setup in order to maintain the pressure in the system and 
to take up the mixture. The two feed pumps work in direct vol 
umetric flow rate mode and the third pump at the outlet works 
in reverse volumetric flow rate mode. The flow rate of the 
reverse pump is calculated in order to maintain constant pres 
sure in the system. Ali the pumps are equipped with a pressure 
gauge. 1/16 in. stainless steel pipes are used to connect the 
pumps to the silica capillary tubes. The lengths of the piping sys 
tem is short enough to neglect pressure drop, which is not 
greater than 0.05 MPa over the whole system between the feed 
pumps and the up taking pump. The capillary tube is placed in a 
copper temperature conditioning block (30 cm long), which is 
heated with four electrical resistance heating rods. The tempera 
ture is measured with 5 thermocouples (K type), which are in 
contact with the silica capillary tube through dedicated holes. 
The block is temperature controlled with a precision of ±0.5 K. 
which corresponds to the difference between the mean value 
and the extrema values obtained by the 5 thermocouples during 
the experiment. The coaxial contacting zone is placed 2.5 cm 
within the heating block to ensure the contact of H2O and CO2 
at the desired pressure and temperature. The assumption that 
2.5 cm is long enough was verified with a computational fluid 
dynamic simulation Ten holes are drilled in the temperature 
conditioning block at 1.25, 2.5, 3.75, 5, 6.25, 7.5, 8.75, 10, 12.5 
and 17.5 cm from the contacting zone. The total investigable 
two phase flow section is then 17.5 cm long. The brownish poly 
mer coating of the silica capillary was removed at these spots in 
order to make the capillary accessible for Raman spectroscopy 
measurements. (Outer) capillary 
easured spots l 
�__%_.l� 











etermine mass transfer coefficients in high-pressure two-phase Oows. 
Table 1 












7942 3. Unit-cell model
Fig. 2 depicts a unit cell for segmented fluid liquid flow. The 
unit cell comprises one element of the dispersed fluid phase ( called 
from now on "bubble" for the sake of simplicity), the liquid film 
surrounding it and one liquid slug. As can be seen in the lower part 
of Fig. 2, the unit cell mode) simplifies the segmented flow pattern 
based on a certain number of assumptions, which will be described 
below. 
According to the double resistance diffusion mode), which is 
given in Fig. 3, the molar flux of C(h can be written considering 
the continuity of flux at the interface 
N. ,m( ) K
t
m(xco•, .,,�) C02 KL Xco, j Xco2 • "'-"2 (1) 
where the lowercase /<(: is the liquid local mass transfer coeffiàent 
(mol m 2 s 1) and the capital letter K� the liquid global mass
transfer coefficient (mol m 2 s 1 ). 
The main hypotheses of the unit cell mode) are the following: 
• There is no mass transfer between two consecutive unit cells,
the overall amount of substance in one unit cell is constant.
(Hl)
• The fluid and liquid are in equilibrium at the interface, the two
film model is applied. (H2)
• Mass transfer occurs from the fluid phase to liquid phase only
(Fig. 3(b)) (H3), which implies that k� K� (because the mass
transport resistance in the fluid phase is approximated zero)
and then Xêo, Xco,J- This assumption is only valid when the
fluid compound is soluble in the liquid phase and the compound
in the liquid phase is not or slightly soluble in the fluid phase.
This is the case in this study where the amount of H20 soluble
in the C02 rich phase is negligible compared with the solubility
of C02 in the H20 rich phase. Consequently, only the migration
of C02 from the C02 rich phase to the H20 rich phase has an
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Fig. 2. Unit cell model of 0uid-liquid segmenœd 0ow where NJ.,, is the molar 
density 0ux ofOuid in mol - m 2 • s 1• • Fluid and liquid phases are perfectly mixed (H4), i.e. the phases
are considered as homogeneous and described by average bulk
fractions x and y are taken. Therefore, the greyish gradients in
Fig. 3 can be represented by straight horizontal dashed black
lines. There is no liquid film surrounding the bubble (film sep
arating the bubble from the inner wall1 the camera observation
showed that the bubble occupies almost the entire cross section
of the capillary tube and that the liquid film is negligible in the
current conditions). Therefore both the bubbles and liquid slugs
are assumed to have the same velocity (HS). This velocity is





H,o fr where V co, and V H,o are the volumetric flow
rates of the fluid and liquid phases at conditions prevailing
inside the capillary, S is the inner cross section of the capillary
tube and z is the length along the capillary from the contacting
zone of H20 and C02. This veloàty allows the transformation
from the temporal to the spatial scale.
Following these hypotheses, the evolution of the concentration
of C02 in the H20 rich phase as a function of the distance down 
stream of the contacting point z O can be derived: 
dCco, k1aL (c 
dz Uw co, Cco2 (z)) (2) 
where kt is the liquid local mass transfer coefficient (m.s 1 ), Otis the 
specific surface (equal to the ratio of the area available for mass 
transfer over the volume of the liquid slug), Cco, (z) is the concentra 
tion of C02 in the liquid slug (mol.m 3) at a certain distance z down
stream of the contacting location and Cêo, is the concentration of 
C02 in the liquid slug in thermodynamic equilibrium with the 
C02 rich phase. 
• A final assumption commonly used is that the volumetric mass
transfer coefficient ktOt is constant along the length of the cap
illary tube (or microchannel) (H6). This assumption is used
when the mass transfer coefficient is determined by global
methods based on inlet and outlet concentration
measurements.
If ktOt is constant, Eq. (2) can be integrated:
UTP ln (G-o, Cco, (z 0))
z Cco, Cco2 (z) 
(3) 
Eq. (3) is used for the determination of the volumetric mass 
transfer coefficients using global measurement methods where 
the concentration of the C02 dissolved in the liquid phase is mea 
sured at the outlet of the system. At ambient pressure and for 
gases, it is also possible to correlate the bubble dimension with 
the mass transfer coefficient using the ideal gas law. This technique 
then allows to compute mass transfer coefficient to be calculated 
from images of bubble/drop sizes. 
Most of the conventional methods at ambient conditions are 
based on the previous hypothesis. When operating at high 
pressure, however, the conventional experimental methods, mod 
els and assumptions, which have been developed for ambient con 











Yr:o, = Yco,,i =Yéo, 
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Fig. 3. Two-film mode! with mass transfer in both directions (a)and 0uid to liquid only (b)where Y
ro, 
is the molar fraction of CO, in the bulk of CO,-rich phase, Y
ro,
,, is the 
molar fraction of CO, at the interface in equilibrium with Xro,J and Yro, is the molar fraction of CO, in the CO,-rich phase in equilibrium with the liquid phase with the molar 
fraction of CO, in the bulle. xro, . Adapted from (Bird, 2002). reasons. Under elevated pressure the behaviour of many gases can 
not be described by the ideal gas law; this is particularly the case 
for CO2. As a result, a thermodynamic mode) is required in order 
to link the bubble volume and the number of moles in the fluid 
phase. Furthermore, the physical properties, such as density and 
viscosity, of the liquid phase and the fluid phase can change along 
the length of the microchannel because they are highly dependent 
on the amount of compounds dissolved in the liquid or the fluid 
phase. Taking samples of each of the phases at the outlet of the sys 
tem is also difficult since the system is operating under high 
pressure and also since undesired mass transfer between the fluid 
and liquid phases may occur in basic fluid liquid separators. For 
these reasons, it is often very difficult to link a change in bubble 
volume to mass transfer rates in high pressure systems and the 
application of existing correlations for mass transfer coefficients 
are not well adapted since they also are based on the simplifying 
hypothesis (Hl H6). 
3.1. Operating conditions 
The operating pressures studied are 8, 9 and 10 MPa at a tem 
perature of303 K The ISCO pumps are set to deliver a constant vol 
umetric flow rate. However, since there is a temperature change 
and therefore a density change of the fluids between the pumps 
and the capillary tube, the volumetric flow rates in the capillary 
tube must be recalculated to take into account the change in den 
sity. The volumetric flow rates in the capillary tube range from 
50 µL/min to 200 µL/min for H2O (Ret Pt UtD / µL = 4 22 ) and from 
37 µL/min to 108 µL/min for CO2 (ReF pFUFD/ µF = 11 96). These 
flow rates lead to residence times of the order of one second. Note 
that all the volumetric flow rates in this paper are given at the tem 
perature and pressure of the microfluidic system. These flow rate 
ranges have been chosen such that there is a CO2 H2O flow with 
a concentration gradient of CO2 in the H2O rich phase along the 
length of the capillary tube and that the H2O rich phase is not sat 
urated with the CO2 at the final measurement point, i.e. at 
z 175 mm. The CO2 to H2O ratio at the inlet is then varied in 
order to obtain thermodynamic equilibrium (i.e. where the H2O 
rich phase is saturated by CO2) at several measurement points. 
For each combination of pressure and temperature, the influence 
of the volumetric flow rate of one phase has been studied, whilst 
the volumetric flow rate of the other phase was kept constant. 
4. Raman spectra measurements
The Raman spectroscopy setup given in Fig. 4 is that developed 
by Klima and Braeuer (2019). This setup has previously been used to obtain thermodynamic equilibrium data of two phase fuel 
nitrogen systems under engine like conditions (i.e. at high pres 
sure and high temperature). ln particular, the setup enables Raman 
spectra to be measured in one of the fluids of a fast moving seg 
mented two phase flow (the measurement is possible in both 
phases). A Cobalt Samba™ 532 nm laser (green, operated with 
150 mW) is connected to a Raman gun (Braeuer engineering) with 
an optical fiber and is focused in the capillary tube at the measure 
ment point. The inelastic Raman signal (red shifted) is collected in 
back scattering mode passing through a dichroic mirror and a 
long pass filter where the elastic signal, which corresponds to 
the laser excitation wavelength is separated. The inelastic Raman 
signal is then focused into an optical fiber that goes to a fiber 
switch and then to a spectrometer (Ocean Optics QEpro), which 
receives the signal. ln parallel, a photodiode is aligned with the 
laser beam under the capillary tube in order to receive the signal 
from the laser beam transmitted through the capillary. When a 
bubble is passing through the capillary at the measurement point, 
the laser bends and alters the intensity signal reœived by the pho 
todiode. This intensity signal is recorded on an oscilloscope and 
corresponds to the periodiàty of the segmented flow. A pulse gen 
erator (Mode) 9618, Quantum Composers) is used to create an 
electric signal that is positive during the bump or the crook ( carre 
sponding to the H2O rich phase or the CO2 rich phase) of the pho 
todiode intensity signal. This electric signal is sent to the fiber 
switch (PiezoSystem Jena), which has one optical fiber inlet (from 
the Raman probe) and two outlets (one to the spectrometer and 
one dead ended). Depending on the electrical signal sent to the 
fiber switch, the signal from the Raman probe will go to the dead 
ended outlet or to the spectrometer. This is what allows the signal 
in either the H2O rich phase or the CO2 rich phase to be obtained. 
At each measurement point, 16 spectra have been recorded, 
each with a signal integration time of 3 s. However, the signal 
arrives in small increments (signal from the H2O rich phase only). 
Nevertheless, the signal integration time is long enough to obtain 
a clear spectrum. The mean of the 16 spectra is computed for 
each measurement point, the baseline is removed (using a spline 
method with the following node points [650, 930, 1150, 1200, 
1300, 1420, 1470, 1530, 1800, 2000, 2300, 2500, 2600, 2700, 
3850, 4000 cm 1]) and the spectra are normalized by the H2O
band in order to visualize and compare the amount of CO2 in 
the H2O rich phase at each point. An example of the spectra 
obtained at the different measurement points is shown in 
Fig. 5. The peak between 2700 cm 1 and 3900 cm 1 corresponds 
to the H2O and the Fermi dyad of CO2 is present between 
1200 cm 1 and 1450 cm 1• As the distance of the measurement 
point from the contacting point of CO2 and H2O increases, it 
DEAD ENDED 
Pulse generator signal t 







Fig. 4. Schematic diagram of the R.lman spectroscopy setup for obtaining spectra in a single phase of a segmented two-phase 0ow. can be seen that the signal intensity of the C02 Fermi dyad 
increases, which corresponds to a greater amount of C02 dis 
solved in the H20 rich phase. 5. Determination of mass transfer
The novelty of this work is to determine local volumetric mass 
transfer coefficients kiai in continuous high pressure two phase 
tlows where the physical properties of the fluids vary. ln order to 
do this, the Raman spectroscopy technique described in Section 4 
is used to detennine the C02 to H20 molar fraction ratio� at each 
ffiO 
measurement point. This ratio is then coupled with the density of 
the liquid mixture Pi to compute the concentration of C02 dis 
solved in the H20 rich phase Cco, at each point. Following this, 
the concentration data is used with the unit cell model to calculate 
the volumetric mass transfer coefficient kiai at each position in the 
capillary tube. Distanc
1250 1300 1350 1400 
co
2 
(aq) Fermi dyad 
HP 
J J H-O-H bending band 
0 =---i...L�-'-="------'------'-
1000 1500 2000 2500
Raman shif
Fig. 5. R.lman spectra of the H,0-rich phase normalized to the intensity
v..,0 110µL-min
1 ,Vco, 61.5µL-min 1 • 5.1. Detennination of Cco, 
The dissolution of C02 into a H20 rich phase leads to the pres 
enœ of H2C03, HC03 , CO� and C02 in aqueous form in the H20 
rich phase. Nevertheless, in the study of Anderson (1977), it has 
been shown that in the H20 rich phase, the amount of speàes 
other than C02 is negligible at 283 K and 4.5 MPa and decreases 
further with an increase in pressure. Therefore, in this work, the 
total amount of C02 dissolved in the H20 rich phase is considered 
to be present as dissolved molecular C02. The concentration of C02 




where Pi (T, P, Xco, ) is the liquid density of the H20 rich phase, Xco, 
is the molar fraction of C02 and Mco, and MH,o are the molar mass 
of C02 and H20, respectively. The ratio of molar fraction of C02 to 
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 of the peak of the H-0-H stretching (H20). p 10 MPa, T 303K, 
the peak area ratio� at each measurement point (where AH,o and
ff20 
Aco, are the areas from the Raman spectra taken between
2700 cm 1 to 3900 cm 1 and 1200 cm 1 to 1450 cm 1 
respectively):
(5)
The proportionality constant et is determined by calculating the
� ratio at equilibrium with a thermodynamic mode! for the solu
'"20 
bility of C02 in H2 0 rich phase (as described in Section 5.1.1) for 
experiments where thermodynamic equilibrium is achieved. et is 
then used to determine � from � at each measurement point 
'"20 ;r,;;;; 
for the other experiments where thermodynamic equilibrium has
not been achieved yet. The value et was obtained with 43 equilib
rium points. The final value was 0.239 with a standard deviation
of 0.007 (2.9%). The deviation obtained here can be drastically
reduced with binary systems where the dispersed phase is more
soluble in the continuous phase (thereby providing higher resolu
tion of the calibration curve). In the case ofC02 and H20, the max
imum amount of C02 in the H2 0 rich phase is 3% in mass under the
conditions presented in this paper. This value is Jow compared
with other systems studied in the literature, such as C02 and
ethanol.5.1.1. Determination of the equilibriumfraction of CO2 in the H2O rich 
phase, "ê
o, 
In this paper, the equilibrium fraction of C02 in the H2 0 rich
phase, Xêo,, is calculated using the work of Enick and Klara
(1990) with the exception that the fugacity of C02, f co,, is calcu
Jated from the Span and Wagner (1996) equation of state. In the
work of Enick and Klara (1990), a Henry's Jaw analysis is used with
a Poynting correction, as given in Eq. (6).
(6)
Enick and Klara (1990) compiled 110 solubility data points for a
range of temperature from 298 K to 523 K and pressure from
3.40 MPa to 72.41 MPa, and regressed both the reference Henry's
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Fig. 6. Fitted normalized CO, concentration profiles and experimental points along the l
deviation between the fitted concentration profiles and the experimental points are respedilution, 1.1ro,, with Eq. (6) in order to fit with the experimental sol
ubility data. Empirical correlations for each of the parameters are
given below in Eqs. (7) and (8).




1799.36 17 .8218T + 0.0659297T2 1.05786
X 10 4T3 + 6.200275 X 10 8r4 
where T is the temperature in Kelvin.
(8)5.12. Determination of the liquid mixture density of the HiO rich 
phase, Pi 
Mixture densities are computed following the methodology of
Bachu and Adams (2003). In the case of non ideal solutions such
as H2 0 and C02 mixtures, it is assumed that the volume of the liq
uid mixture is the sum of two contributions: the volume occupied
by the solvent in its pure state (i.e. pure H2 0) and the apparent vol 
urne occupied by the solute (i.e. C02).
The total volume of the solution is then written using the partial
molar volume of each component as shown in Equation (9).
nH o (...!!.__) + nco, (�)2 
iJnH,O T ,P,nm, ÔTlco, T ,P,nH,o 
nH,O vH,O + Tlco, Vco, (9)
The apparent molar volume of C02, v"co, , defined in Equation
(10) is the difference between the total volume and the molar vol 
urne of pure H2 0, Vli,o• multiplied by the number of moles of H2 0
and divided by the number of moles of C02. The apparent molar
volume is different to the partial molar volume, vH,o, as shown
in Equation ( 11 �
(10)(11)
For C02 and H2 0 mixtures, numerous correlations for v"co, can
be found in the literature due to their use in geology (Andersen
et al., 1992; Enick and Klara, 1990). In this work, the correlationI Vco,/VH,o = 0.8 
f Vço,/VH,O = 0.7 
1 Vço,/VH,O = 0.6 
! Vco,/Vfl.,o = 0.4 
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Fig. 7. Fitted normalized C� concentration profiles at 8 MPa 303 K. (a) Vro, 40.5 µL-min 
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Fig. 8. Fitted normalized CC½ concentration profiles at 9 MPa 303 K (a) Va,, 382 µL-min 
1 
(b) v,.,0 170 µL-min 
1
• from Garcia (2001) given by Eq. (12) is employed. lt is based on 54 
data points obtained for temperature and pressure ranges of 27 8 K 
to 573 K and 0.2 MPa to 35 MPa, respectively. 
v"co, 37.51 9.585 X 10 
2'1J + 8.74-0 X 10 4'1J2 5.044 
X 10 7'1J3 (12) where 'IJ is temperature in °C and v"
co, 
in cm3/mol. Garcia (2001) 
demonstrated that the influ ence of pressure is negligible when 
the temperature is lower than 573 K. which is the case in the cur 
rent work. 
Eq. (13) gives the Iiquid density of the H20 and C02 mixture, 
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Fig. 9. Fitted normalized CC½ concentration profiles at 10 MPa 303 K (a) Va,, 49.2 µL-min 
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Fig. 10. Image of bubbles at z/0 - 42 and z/0 - 583 at 10 MPa, 303 K. Vro, 73.7 µL-min 
I and v,.,0 110 µl-min 
1
• Note that the spherical bubble is deformed in the 
vertical direction because of the light refraction between the glass o f  the cy lindrical capillary and the air. However, there is no deformation of the bubble diameter in line with 
the tube axis and of the outer diameter of the capillary. The bubble shrinkage is presented in yellow. p�20(T,P) 
(13) 
where wro, is the mass fraction of C02 and �,0(T, P) is the density 
of pure H20 which is determined using the correlation of Batzle and 
Wang (1992) given by Eq. (14) 
p�20 (T,P) 1 + 10 
6 
X ( 80 T 3.3 ,02 + 0.00175 <tf + 489 p 
+0.016 ,o2p 1.3 X 10 S ,03p 0.333 p2 
2-0p 
0.002 -Dp2) 
(14) where p is pressure in MPa, ,o is temperature in °C and p�,o in g/ 
cm3. 5.2. Detennination of the volumetric mass transfer coefficient kiai 
From Eq. (2), the volumetric mass transfer coefficient can be 
expressed as Eq. (15� 
UTP dCco, 
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Fig. 11. Volumetric mass transfer coefficient profiles at 8 MPa and 303 K. (a)Vro, 40.5 µL-min 
1
, (b) Vtt,o 200 µL-min 
1
• This equation is based on the unit cell model assuming (Hl) to 
(HS) only. It will be shown that the hypothesis (H6), i.e. assuming 
that ktaL is constant along the length of the capillary tube, results 
in significant error on the ktOt values in the case of this study. 
The first derivative of the CO2 concentration in the H2O rich phase, 
�. is obtained by filtering the experimental concentration data 
using fast Fourier transform (FFT) as shown in Appendix B. 6. Application of the experimentaI method to COi-H20 mass 
transfer under high-pressure conditions 
In order to demonstrate the use of the experimental method 
presented here, this section presents examples of Raman spec 
troscopy measurements and data analysis to obtain the volumetric 
mass transfer coefficient for a segmented tlow composed of CO2 
rich and H2O rich phases in a capillary tube at pressures of 
8 MPa, 9 MPa and 10 MPa, as well as a range of tlow rates. 
Fig. 6 shows an example of the experimental concentration data 
(normalised by the value at saturation) and the corresponding pro 
files obtained by FFT filtering as a function of the axial distance 
from the contacting zone in the capillary tube for 10 MPa, 303 K 
and a constant H2O tlowrate ( 110 µL min 1 ). The error bars corre 
spond to ±3 standard deviations (see Appendix A for unœrtainty 
calculations). The average deviation between the fitted concentra 
tions and the experimental values of ail the conditions studied in 
this paper do not exceed 1 %. This figure clearly shows that the 
FFT filtering method correctly represents the CO2 concentration 
in the H2O rich phase at each measurement point in the capillary 
tube. Considering this, in subsequent Figs. 7 9, only the fitted 
cuives are shown in order to faàlitate reading. 6.1. Concentration profiles 
Figs. 7 9 show the normalized fitted CO2 concentration profiles 
versus the normalized axial position in the capillary (z/D) at 303 K 
and 8 MPa, 9 MPa and 10 MPa, respectively. At each pressure, 
either the volumetric tlow rate of CO2 or of H2O was kept constant, 
whilst the tlow rate of the other phase was varied. The tlow rate 
ratio therefore provides the basis for comparison. Indeed, the vol 
umetric tlowrate ratio is a key parameter for characterising hydro 
dynamics in segmented tlows in small channels. Droplet and 
bubble growth mechanisms and lengths in microchannels have 
been widely studied (see for example Garstecki et al. (2006), van 
Steijn et al. (2007), Abadie et al. (2012)). In such studies, it has been 
shown that bubble length, Ls, and liquid slug length, Ls, increase 
linearly with �and�. respectively. 
tt,O CO, 
For ail pressures, it is obseived that when � decreases, thermo 
tt,O 
dynamic equilibrium is reached further along the capillary tube away 
from the contacting point. When � decreases, the bubble length L8 
tt,O 
decreases and the slug length Ls increases. As a consequenœ, the 
interfacial area for mass transfer decreases. In addition, there is a lar 
ger amount of H2O in a liquid slug to be saturated whereas a lesser 
amount ofCOi is available in the COi rich bubble. Both of these con 
tributions result in the fact that thermodynamic equilibrium is 
reached further along the capillary from the contacting zone. 
6.2. Volumetric mass transfer coefficient profiles 
Figs. 11 13 show the volumetric liquid mass transfer coefficient 
ktaL, determined with Eq. (15), along the length of the capillary 
---Vco,/Vu,o = 0.29
--Vco,/Vn,o = 0.25 
---•Vco,/Vu,o = 0.22 
0.005 
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Fig. 12. Volumetric mass transfer coefficient profiles at 9 MPa and 303 K. (a)Vro, 38.2 µL•min 
1
, {b)V ,.,0 170 µL•min 
1
• tube. Firstly, it is seen that ktaL is not constant along the capillary 
tube. This obseivation proves that hypothesis (H6) (i.e. ktaL is con 
stant along the tube, and either a decrease in Ot is compensated by 
an increase in kt, or kt and aL are both assumed constant, which is 
often assumed in the unit cell model), is not valid. Indeed, when 
using hypothesis (H6), the value of ktOt at z/D = 100 gives an aver 
age error of 35% compared with the value obtained without (H6). 
ktaL decreases along the capillary tube between z/D = 0 and z/ 
D = 600 by approximately a factor of 8. If this decrease in ktaL is 
due to a decrease in aL only, then this corresponds to a decrease 
in the bubble diameter of a factor ✓8 ::,, 2.83 ( considering a spher 
ical bubble and a water rich slug with constant volume). However, 
such a significant decrease in bubble size between the contacting 
zone and the outlet of the capillary tube was not observed in the 
experiments as it can be seen from Fig. 10. Hence, this implies that 
kt must also be decreasing along the length of the capillary tube. 
It can also be seen in Figs. 11 13 that the rate of mass transfer is 
significantly higher doser to the contacting zone where CO2 rich 
bubbles are formed. This is in agreement with the concentration 
profiles in Figs. 7 9 where it can be seen that more than 20% of 
the thermodynamic equilibrium is reached during the bubble for 
mation stage (z/D < 20). The enhanced mass transfer at the bubble 
formation stage may be described by a difference in hydrodynam 
ics between the bubble formation stage, which is a transient pro 
cess, and the more or less stable segmented flow in the rest of 
the capillary tube. Indeed, in the transient bubble formation pro 
cess, a bubble will grow and then be pinched off, which will 
increase the liquid flow intermittently in the vicinity of the inter 
face and consequently promote mass transfer. 
A comparison of the experiments also shows that for constant 
Vco, or Vu,o. increasing � leads to an increase of ktOt. This may 
"20 explained by the fact that an increase in � results in an increase v,,,o 
of the bubble length, Ls, (and consequently the bubble volume, V8) 
and a decrease of the liquid slug length, Ls. A decrease in slug 
length has previously been shown to increase the liquid slug recir 
culation (Leung et al., 2010, Zaloha et al., 2012, Abadie, 2013). It is 
expected that this would result in an enhanced renewal of the 
fluid liquid interface and in turn increase the mass transfer coeffi 
cient kt. Moreover, Abadie (2013) and Martin et al. (2018) showed 
that for both ambient pressure and high pressure flows, the ratio 
between Ls and the total length of a unit cell, I.s + Ls, depends on 
!!f.u, and therefore �v
vc as described by Eq. (16):
l "20 u, 
Ls v;:-
Ls +Ls fJ+!!f. u, 
(16) where fJ is a constant. 









which corresponds to an increase of Ot. Hence, an increase in � 
VH20 
causes both kt and Ot to increase, which is in agreement with the 
experimental observations that ktaL is higher when � is higher.v,,,o 
Finally, it can be pointed out that values of the volumetric mass 
transfer coefficients measured here are between 2.10 3 s 1 and 
5.10 2 s 1, which are the same order of magnitude as values 
obtained in other microfluidic systems of this diameter and in 
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Fig. 13. Volumetric mass transfer coefficient profiles at 10 MPa and 303 K. (a)Vro, 49.2 µL-min 
1
, {b) v,.,0 110 µL-min 
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• 7. Conclusion
A new experimental method to determine mass transfer coeffi 
dents in two phase flow at elevated pressure and moderate tem 
perature in a micro capillary tube has been presented. lt is based 
on the measurement of the molar ratio of different species in one 
of the phases using Raman spectroscopy. The species concentra 
tion, mixture density and the mass transfer coefficient are then 
determined using appropria te thermodynamic models and the unit 
cell model for mass transfer in segmented two phase flow. The 
novelty of this method is that it allows the measurement of local 
values of the mass transfer coefficient at different positions along 
capillary tube and it takes into account variations in fluid proper 
ties due to high pressure conditions. The results obtained with this 
technique can serve as a design tool for new types of microreactors 
where mass transfer is a key parameter and also as a fundamental 
tool in order to investigate mass transfer behaviour of different 
binaries in high pressure systems. 
The method has been applied to a C02 H20 flow at 303 K and 
pressures of 8 MPa, 9 MPa and 10 MPa. The ktaL values obtained 
are in the range 10 3 10 2 s 1. which agree with the values in
the literature and illustrate the reliability of the technique. lt has 
also been shown that ktaL is not constant and that it decreases 
along the length of the capillary tube; this decrease is expected 
to be due to both a decrease in kt and Ot. This result clearly shows 
that the assumption that ktaL is constant along the tube length, 
which is commonly used in the unit cell model, is in fact incorrect 
(35% of error in average). 
Future studies will focus on the effects of pressure and the tem 
perature on mass transfer with an objective of developing dimen sionless correlations of the volumetric mass transfer coefficient. 
lndeed, this technique will be of significant interest for studying 
mass transfer in other binary systems such as ethanol and C02 
by measuring in both phases. ln ethanol and C02 systems, mass 
transfer occurs from the liquid phase to the fluid phase, also from 
the fluid phase to the liquid phase and the density of both phases 
change during the mass transfer. Further developments of this 
technique will include the combination of the Raman spectroscopy 
measurements with high speed imaging of the flow. This will 
enable the volume of the bubbles and their velocities at each posi 
tion in the capillary tube to be measured. The former will give the 
access to the specific surface aL of the dispersed phase and allow 
the individual contributions of kt and aL in the volumetric mass 
transfer coefficient ktaL to be assessed. CRediT authorship contribution statement 
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This section deals with the propagation of uncertainties from 
the acquisition of the Raman spectra to the concentration calcula 
tions. In each experiment, 16 spectra have been recorded for each 
of the ten measurement points. From these, 16 x 10 molar ratios 
ç ( or molar fraction ratio) are obtained. A.1. Fxperimental unœrtainty of the z position in the capillary tube 
In order to compute the error of the z position where the mea
surement is made, the following method was used. 
Fig. 14 shows the observed image of the laser passing through 
the capillary tube on the black optical table. The length of the mea 
surement spot is known (L1 1 cm) and the length of the image, 
Li, is measured. The magnification of the capillary tube image, G, 






When the laser is focused in the capillary (right sketch of 
Fig. 14), the image is checked to be symmetrical, which means that 
the laser is well positioned in the measurement spot. It is consid 
ered that the maximum error here is 2 cm, which corresponds to 
an error of 667 µm in the z position. This error is negligible and 
does not affect the concentration measurements. FROM LASER 
532 nm 
Fig. 14. Sketches of the laser passing through the capillary tube when the laser is not focA2. Fxperimental unœrtainty on concentration 
For each experiment, a standard normal distribution test is per 
formed on the molar ratio values (r �). the results are shown in 
Fig. 15. Each group of data follows a standard normal distribution, 
hence, the standard deviation <T, can be interpreted as a standard 
deviation of a normal distribution. 
Eq. (19) gives the approximation of the standard deviation <Tc,o, 
calculated with the standard deviations of both the molar ratio, r, 
and the liquid mixture density, Pt- This approximation is taken 
because the values of r and Pt are near their mean values and <T, 
(respectively <Tp1) is small compared with r (pi). Furthermore, f
(respectively ll are linear within the interval ±<T, (±<Tp1) about r 
(pi). Cco, 
Pt (T,P,xco, ) 
Mco, + ""'0 M 
"ro, H20 
f(r,Pt) (18) 2 <Tc
co, 
(8f)2 2 ( ôf )2 2 
fJr 
<T
r + 8p 
<T
p, 
r r  L P1P1 
(19) 
Random sampling in the normal distribution of r and Pt allows 
computation of a representative sample of Cco,• It has been shown 
that the concentration distribution also follows a normal law. Con 
sequently, the standard deviation <Tc
œ, 
represented in Fig. 6 can be 
interpreted as the standard deviation of a normal distribution. The 
value of the standard deviation <Tc
œ, 
which take into account the 
variations of the molar ratios (including the error during the cali 
bration step) and the variations of the mixture density, does not 
exceed 7% of the concentration value. However, this deviation 
can be drastically reduced with a binary system where the calibra 
tion step is easier than the one with the C02 H20 system because 
the solubility of C02 in the H20 rich phase is small (and therefore 
reduces the resolution of the calibration curve). The contribution of 
temperature and pressure measurements on the concentrations 
obtained with this method was verified by a random sampling in 
the normal distribution of T and P. The results show that the con 
centration values are shifted by less than 0.05% of the mean value, 
which is highly negligible compared with error from the molar 
ratio and from the density mode!. used in the capillary tube {left) and when it is focused in the capillary tube {right). 
Fig. 15. Standardized class distribution of
nH2O
nCO2
values (blue) and standardized normal distribution (red).Appendix B. Fast Fourier transform (FFT) filtering
As it can be observed from Eq. (15), the kLaL calculation requires
estimation of the value of the first derivative at each point of the
curve CCO2 versus z. The precision of a derivative between two
experimental data points is not sufficient to proceed to a raw cal
culation of these derivatives. In fact, as shown on Fig. 6, the data
present Gaussian ‘‘noise” in the CCO2 versus z curves. These curves
therefore have to be filtered and smoothed before any estimation
of the derivative. Several filtering and smoothing techniques have
been tested. The best results have been obtained with the Fast
Fourier Transform (Balac, 2011). The selection was based on the
visual smoothing appearance and objective criteria consisting in
the weighted least squares (square root of the sum of the square
residuals between experimental and filtering values weighted by
the inverse of the standard deviation). This technique consists of
several steps.
 Firstly, two points are added to each set of results ðz;CCO2 Þ: the
initial point ð0;0Þ and a theoretical final one ðþ1;CCO2 Þ.
 The following variable substitutions are then performed:
Z 1=ð1þ czÞ and Y CCO2=CCO2 : The new variables are con
fined in the range ½0;1	x½0;1	, and the parameter c (0 < c < 1Þ
allows a better spreading of these new data on [0,1].
 The values used for the discussion on the comparative experi
mental results mostly concern the first part of the curve, i.e.
near the point ð0;0Þ. Therefore, care should be taken when fit
ting data in this region. This is why the third step consists in
the doubling of the number of points by adding ð Z; YÞ tothe curve. This way, the region of interest is located in the mid
dle of the curve, far from eventual boundaries ending point
problems.
 The fourth step consists in rotating the curve centred at ð0;0Þ by
an angle of p/4. Following this, a continuous periodic curve is
obtained that greatly improves the selection of frequencies after
the FFT.
 Resampling is carried out at the points ðZ;YÞ of this curve by lin
ear interpolation in order to obtain a new set of equally spaced
points on the z axis. In order to respect the Shannon theorem,
25 points were taken. A discrete Fourier transform using a FFT
algorithm is then performed.
 From the amplitude spectrum of the Fourier transform, between
2 and 4 frequencies of greater amplitudes are selected (taking
the smallest objective criteria). The inverse Fourier transform
is then carried out with these selected pairs of frequency and
amplitude, leading to a new set of filtered ðZ;YÞ.
 Finally, a reverse rotation and a reverse variable substitution is
performed and the final filtered and smoothed curve of CCO2 ver
sus z is obtained. These filtered points are used to estimate the
first derivative of CCO2 needed for kLaL calculation.References
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